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Fiber Types in the Limb Bender Muscle of a Crab
(Pachygrapsus crassipes)
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Abstract.  The bender muscle in the walking hmb ot the
Pacific shore crab (Pachygrapsis crassipes) is composed
of fibers with dilterent structural (sarcomere length) and
histochemical (NADH diaphorase and myofibrillar
ATPasc) properties. Slow fibers are located along the
dorsal margin of the muscle and along the ventral margin
in the distal portion ol the muscle. The remaining bender
muscle 1s composed of intermediate-type fibers, which
can be dilterentiated into two groups based upon the pH
scnsitivity of the myofibrillar ATPase activity and the
polysaccharnide content of the fibers.

Introdnction

Vertebrate motor neurons are considered to have a
trophic inltuence on their target muscle hibers. since their
physiological characteristics have a profound eftect on
the physiological properties and structural integrity of
the muscle (Guth, 1968: Gutmann, 1976). Altering the
firtng activity or changing the motor supply can alter the
contraction speed (Buller ez al., 1960 Buller and Lewis,
1965: L.omo ¢r al.. 1973, Lufl, 1975), calcium uptake
(Sreter eral., 1975). and energy metabolism (Buller ez al.,
1969; Barany and Close, 1971 Pette, 1984) ol the muscle
fibers. Recently, work on invertebrates involving the [ast
cxcitor 1o the crayhsh claw closer muscle has revealed
that changing the hnng patterns causes changes in the
physiological (Lnenicka and Atwood. 1985; Pahapill ¢
al. 1986) and morphological (Lnenicka ¢ al., 1986)
propertics ol the synapses (review: Atwood and Wojto-
wicz, 1986). As a prelude to a study of the eltects of
changing motor axon liring patierns on the properties ol
target muscle fibers. we have examined cernain morpho-
logical and histochemical properties of the bender mus-
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cle i pristine watking limbs of the crab Pachiygrapsus
Crassipes.

The skeletal muscles of crustaccans may be innervated
by as few as three motor neurons (Wiersma and Ripley.
1952) and some evidence for trophic interactions be-
tween nerve and muscle comes from a close matching
between motor neuron and muscle properties (Atwood.
1973). In the claw closer muscle, for example, there is a
maiching between muscle fiber type and the innervation
patterns of the two excitatory motor neurons. In lobster.
the innervation patterns of the two excitatory motor ax-
ons are matched with the oxidative capacity of the mus-
cle fibers (Lang e al., 1980). The oxidative capacity of
fibers is low when innervated only by the fast axon, high
when mnnervated only by the slow axon. and intermedi-
ate when innervated by both axons. In the crab closer
muscle. a more detailed study has been performed on a
small number of identihable closer muscle fibers (Maier
etal., 1984). In this study the fast hbers in the crab closer
muscle were divided into three sub-groups on the basis
of the pH sensitivity ol myolibrillar adenosine triphos-
phatase (ATPase) activity (Tse er al., 1983). The slow
and some Tast (group 11) closer muscle fbers are inner-
vated by the fast and the slow excitatory axons, while the
remaining {ast muscle ibers are innervated by only the
fast closer excitor.

In the present study we have examined certain struc-
tural and histochemical properties ol fibers in the bender
muscle in the walking limbs ol the Pacilic shore crab (Pa-
chygrapsus crassipes). The hmb bender muscle is inner-
vated by two excitatory motor axons and by branches of
the common inhibitor (Wiersma and Ripley. 1952). We
show that the bender muscle 1s composed of slow and
two types of intermediate fibers, and that these dilterent
types of hibers are regionally distributed within the ben-
der muscle.

Materials and Methods
Crabs (. crassipes) were obtained [rom the Pacihic
Biomarine Laboratories, Venice. Califorma, and were
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kept in the laboratory at 24°C. The animals were kept
individually, and feeding (Purina rabbit chow) and sub-
sequent seawater changes were performed every 2 to 3
days. Observations were made using autotomized. sec-
ond and third walking limbs removed from crabs that
had been acclimated to laboratory conditions for at least
4 weeks.

Certain histochemical properties were examined in
frozen sections of the bender muscle. The cuticle ol the
carpus was reduced in thickness with a dental drill. The
stretcher muscle was removed, and the bender muscle
plus the remaining thin cuticle were mounted on a chuck
in Histo Prep (Fisher Scientific) and immersed in liquid
nitrogen; the tissue was allowed 1o equilibrate to —25°C
in the cryostat. Sections (20 um thick) were mounted on
glass slides and air dried for 15 to 60 min.

Sections were stained for activity of the mitochondnal
enzyme nicotinamide dehydrogenase (NADH) diapho-
rase using the method of Ogonowski and Lang (1979).
and for calcium-activated myofibrillar adenosine tri-
phosphatase (ATPase) activity with acidic or basic prein-
cubation, using a modified procedure of Padykula and
Herman (1955). Acidic preincubation was performed in
a solution of 100 mis KCl and 100 m.\/ Na-acetate at
pH 5.0 for 10 min at room temperature. Preliminary ex-
periments using pH 4.6 pre-incubation (Maier ¢f al.,
1984) did not produce ditferentiation of muscle hibers in
sections of the bender muscle. Alkaline preincubation
was carried out 1n a solution of 18 m./ CaCl, and 25
mA/ Na barbitol at pH 9.4 for 5 min. then transferred to
the same solution containing 0.05% mercaptoethanol for
20 s. For both preincubation regimes, myofibrillar
ATPase activity was determined as described by Maier
et al. (1984). Sections were dehydrated in a graded series
of ethanol, cleared in xvlene, and mounted in Permount.

The polysaccharide content ol bender muscle fibers
was determined in unfixed. frozen sections using the
method of Lillie and Fullman (1976); no counterstain
was used.

Sarcomere length measurements were made from sin-
gle bender muscle fibers fixed at resting length (O'Con-
nor ¢ al., 1982). The cuticle over the stretcher muscle
was removed. The underlying stretcher muscle, limb
nerve, and connective tissue laver were carefully re-
moved to expose the bender muscle. The preparation
was bathed in a calcium-free, high magnesium crab sa-
line for 1 h in an attempt to reduce muscle contraction
during fixation. The carpus-propus joint was positioned
so that the bender muscle was stretched and the prepara-
tion was immersed in Bouin's fixative tor 36 h. The ben-
der muscle was removed from the carpus and stored in
70% ethanol.

Sarcomere length measurements were made from sin-
gle muscle fibers that had been teased into myofibrils in
a drop of 70% alcohol on a glass slide. The myofibrils
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Figure 1. Sarcomere length measurements of 25 fibers removed
from each quadrant of the bender muscle (insel diagram).

were examined under Nomarski optics and the length of
five successive sarcomeres was measured using a cali-
brated ocular micrometer. Measurements were made
from five different myofibrils and an average sarcomere
length value was calculated for the muscle fiber. Mea-
surements were made for 100 fibers removed from each
bender muscle.

Results

The bender muscle is located in the carpopodite seg-
ment of the limb. In P. crassipes. the walking legs are
compressed in the anterior-posterior direction, but the
degree of compression of any one segment is not always
constant. In the carpopodite, for example, the proximal
region exhibits little compression and is essentially cylin-
drical (see Fig. 2). By contrast. the distal portion of the
carpopodite is compressed to form flat anterior and pos-
terior surfaces (see Figs. 3D and 4D). The inset of Figure
1 shows the orientation of the carpopodite. The limb is
viewed from the anterior surface and is connected proxi-
mally to the meropodite and distally to the propodite.
The other two surface are called dorsal and ventral.

Measurements made from 100 fibers removed from
different areas in the bender muscle revealed an average
sarcomere length of about 10.5 um, with a range of 4 to
16 um. In one preparation. the bender muscle was di-
vided into four regions and measurements were made
from each quadrant (Fig. 1-—inset). The proximal-dorsal
quadrant had fibers with the longest mean sarcomere
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tlistochemical propertics of the bender muscle. Serial sec-
tions stained for NADH diaphorasc acuivity (A), myofibrillar ATPase
activity with alkaline (B) and acid (C) preincubation, and for polysac-
chande content (D). a: antenor: d: dorsal: p: posterior: v: ventral. Cali-
bration: 500 pm (A-Cyand 415 um (D).

Figure 2.

length (12.2 pm: range 8 1o 16 um). The distal-dorsal
quadrant contained a similar population of long-sarco-
mere fibers but also had some fibers with shorter (4 to 5
um) sarcomeres. Fibers located on the ventral surface of
the bender muscle had sarcomeres between 4 and 16 pym:;
the distal-ventral quadrant had a higher proportion of
shorter-sarcomerce (5 to 8 um) fibers (Fig. 1).

Sections of the dissected carpopodite revealed that the
bender muscle extends along the entire antertor surface
and along some of the posterior surface of the segment
(Fig. 2). The smaller stretcher muscle (which was re-
moved prior to scctioning) is located along the posterior
surface of the carpopodite and is conlined to the ventral
and central portion of the segment.

Bender muscle fibers can be ditferentiated by their
contrasting histochemical properties. This can be seen in
Figure 2. which shows four serial sections of the bender
muscle taken at a level about one-third from the proxi-

mal end of the carpopodite. There is a population of
muscle fibers that displays high NADH diaphorase activ-
ity, as seen by dark rings around the margin of individual
fibers (Fig. 2A). In all preparations (n = 16), these types
of fibers were located in the dorsal half of the muscle, on
cither side of the apodeme. With regard 1o myotbrillar
ATPase acuvity. these same fibers stained poorly with
alkaline preincubation (Fig. 2B) but well with acidic pre-
incubation (Fig. 2C). Finally. these fibers had a high
polysaccharide content (Fig. 2D).

Most of the other fibers in the bender muscle showed
poor NADH diaphorasc activity (Fig. 2A) and high alka-
line myofibrillar ATPasc activity (Fig. 2B). In all prepa-
rations (n = 16). staining for myofibrillar ATPase activ-
ity with acidic preincubation revealed that these fibers
arc not a homogencous group. In Figure 2C therc is onc
group ol lighter staining fibers located towards the center
of the muscle. and a sccond group of darker staining fi-
bers around the peripheral margins of the muscle. A sim-
ilar difference was also seen in sections stained for poly-
saccharide content (Fig. 2D). Fibers in the central por-
tion of the muscle had a lcvel of staining that was
intermediate between hbers located more dorsally (dark
staining) and fibers on the ventral margin of the muscle
(light staining). Finally. in all preparations there were al-
ways some fibers that cxhibited poor myofibrillar
ATPase (at both pH levels) and NADH diaphorase activ-
ities (Fig. 2—arrows).

It is apparent that polysaccharide content may be cor-
related with the histochemical properties of most fibers
in the bender muscle (Fig. 2). 1n all preparations (n = 16)
fibers with high polysacchandc content (Fig, 2D) stained
well for NADH diaphorasce (Fig. 2A) and had high acid
myofibrillar ATPase activity (Fig. 2C). Fibers with lower
polysaccharide content (Fig. 2D) stained well for alkaline
myohbrillar ATPase activity (Fig. 2B) and poorly for
NADH diaphorasc (Fig. 2A). We have used this correla-
tion between tfiber-type and polysaccharide content 10
differentiate hber-types in the dilferent regions of the
bender muscle (Fig. 3): these observations were con-
firmed by examination of adjacent sections stained for
NADH diaphorase activity (Fig. 4) and for myohbrillar
ATPasc activity with acid and alkaline pre-incubation
(micrographs not shown).

Figures 3 and 4 cach show four scctions taken at
different levels of the bender muscle: the inset numbers
represent the level of the section of the carpopodite, with
proximal as 0 and distal as 100. In the proximal portion
of the muscle, fibers with high polysaccharide content
and high NADH diaphorase activity form a ' V-shaped
wedge™ around the apodeme in the dorsal portion of the
muscle (Figs. 3A. B, and 4A, B). Intermediate staining
fibers are located on either side of the “wedge.” while
poorly staining fibers are located mostly ventrally in the
bender muscle (Fig. 3A, B).
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Figure 3. Polysacchande content of bender muscle fibers. The inset
numbers represent the level of sectioning in the muscle. 0 represents

proximal, 100 represents distal. a: anterior: d: dorsal: p: posterior: v:
ventral, Calibration: 500 pm.

In the distal half of the bender muscle, fibers with high
polysaccharide content and high NADH diaphorase ac-
tivity are located on the dorsal and ventral margins of the
bender muscle (Figs. 3C, D, and 4C, D). Intermediate
staining fibers are located mostly anteriorly, while poorly
staining fibers are found mostly in the posterior-central
portion of the bender muscle (Fig. 3C. D). The above
staining profiles were consistent in all preparations
(n=10).

Discussion

The present study shows that the bender muscle in the
walking limbs of P. crassipes is not composed of a uni-
form population of fibers. In other crustacean muscles a
correlation has been found between fber type, sarco-
mere length, NADH diaphorase activity and myofibrillar
ATPase activity (Atwood. 1973; Ogonowski and Lang:
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1979 Tse er al., 1983; Maier et al., 1984; Stephens ¢t al.,
1985). Slow muscle fibers tend to have long sarcomeres
(>10 pm), high NADH diaphorase activity, and high
actd myohbrillar ATPase activity. In the proximal por-
tion of the bender. fibers with long sarcomere lengths
were found predominantly in the dorsal half of the mus-
cle. The presumption that these fibers are slow is sup-
ported by the histochemical data, since there is a distinct
population of muscle fibers with high NADH diaphorase
activity and acid myofibrillar ATPase activity in this re-
gion (Fig. 2A. O). In the distal region of the muscle, how-
ever, presumptive slow fibers were concentrated in the
dorsal, ventral and anterior portions of the muscle (Fig.
4C, D). It is interesting that NADH diaphorase activity
tn individual slow muscle fibers is confined to the periph-
eral margin (Figs. 2A and 4). A similar observation has
been made in the tails of lobster (Ogonowski and Lang,
1979) and crab (Stephens er a/., 1985) and indicates that

Figure 4. NADH diaphorase activity of bender muscle fibers. The
inset numbers represent the level of sectioning in the muscle. 0 repre-
sents proximal, 100 represents distal. a: anterior: d: dorsal: p: posterior;
v: ventral. Calibration: 500 pm.
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the mitochondna contamming this enzyme are concen-
trated in the peripher il margins of the slow hbers.

In many crusta muscles. fast fibers have short sar-
comeres (<4 g fow NADH diaphorase activity and
high atkahne nooofibrillar ATPase activity. Our abserva-
tions reseil no sarcomeres less than 4 um in length
(FFig. 1). mdicating that the bender muscle contains no
fast hibers. The remaining iibers in the bender muscle are
therefore assumed to be intermediate-type fibers. The in-
termediate-type fibers appear to be concentrated ven-
tralls in the proximal portion of the muscle (Fig. 2). and
pusteriorly in the distal portion of the muscle (Figs. 3
and 4).

In the present study we have found that the polysac-
charide content is highest in slow fibers (Fig. 2). A similar
correlation has been made between polysaccharide con-
tent and fiber-type in crab swimming muscles (1'se ¢f al.,
1983). Furthermore, based on polysaccharide content
there appear to be two types ot intermediate fibers. More-
over, the distribution of the tibers with difterent polysac-
charide content appears to be in line with those that
exhibit contrasting acid ATPase activity (Figs. 2C, D).
Fibers adjacent to the slow fibers have higher polysaccha-
ride content and have a lighter staining protile for
ATPase activity. Paradoxically, in some sections there
were one or more hbers with intermediate polysaccha-
ride content, and low NADH diaphorase and myofibril-
lar ATPasc activities (Fig. 2—arrows). We have not been
able to 1ypify these hbers.

It may be argued that the polyvsaccharide content of
the difterent fibers was influenced by the dissection pro-
cedure prior to freezing of the tissue. The dissection may
have selectively stimulated one axon so that the inner-
vated hbers could have been activated and thus could
have decreased or depleted their polysaccharide stores.
To examine this possibility, we froze several limbs imme-
diately after autotomy. Although the presence of cuticle
decreased the quality of the sections, no differcnces be-
tween the staining profiles of these sections and those
from dissected preparations were observed (McDermott,
unpub. observations). We conclude that the difference in
the polysaccharnde content of the various muscle libers
is not artifact.
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